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Abstract: Polymer-end mimetic organotellurium and organostibine compounds mediate highly
controlled living radical polymerizations that allow the molecular weight to be controlled accurately and give
well-defined end-groups. A variety of both conjugated (including styrene, acrylate and methacrylate deriv-
atives) and unconjugated monomers (including 1-vinyl-2-pyrrolidinone and vinyl acetate) have been suc-
cessfully polymerized in a controlled manner. The higher controllability of organotellurium- and organo-
stibine-mediated polymerization compared to organoiodine-mediated polymerization is due to the faster
degenerative transfer of organotellanyl and organostibino groups compared to iodine atom. AB-diblock,
ABA-triblock and ABC-triblock copolymers have also been synthesized by the successive addition of dif-
ferent families of monomers. Transformations of the end-groups via radical and ionic reactions yielded poly-
mers with a range of different functional groups and well-defined structures.
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antimony.

1. Introduction. Radicals are neutral, “soft”, and
highly reactive species, and the conventional process of
radical polymerization takes full advantage of these
characteristics.” Anion, cation, and coordination poly-
merizations usually require stringent reaction condi-
tions to avoid the occurrence of undesirable side-reac-
tions involving protic solvents, oxygen, and/or polar
functional groups. In sharp contrast, radical polymeriza-
tion can successfully take place in the presence of vari-
ous polar functional groups, polar solvents including
environmentally benign water, and impurities in the
monomers. Furthermore, the high reactivity of radical
species usually ensures that polymerization is completed
at an ambient temperature, but with the disadvantage
that the macromolecular structure of the polymer is dif-
ficult to control. Although this method has been widely
used in the commercial production of polymeric materi-
als,” conventional radical polymerization yields macro-
molecules that are polydisperse with a broad molecular
weight distribution.

The development of living radical polymerization, by

analogy with the development of so-called living
anion,s) cation,‘“ and coordination polymerizations,5)
has been a long-standing goal for synthetic polymer
chemists. Significant advances have been reported dur-
ing the past decade, and a variety of highly controlled
and practical methods have been introduced.” Three
representative methods, known as nitroxide-mediated
radical polymerization (NMP),” atom transfer radical
polymerization (ATRP)® and reversible addition-frag-
mentation chain transfer radical polymerization
(RAFT),” are now widely used in the synthesis of a vari-
ety of advanced materials. However, the development of
a more versatile process is needed in order to achieve the
synthesis of different families of polymers with well-
defined molecular structures and end-groups.

We have already reported that organotellurium
compounds undergo reversible carbon-tellurium bond
cleavage upon thermolysis and photolysis,m) and that the
resulting carbon-centered radicals can react with a
variety of radical acceptors.'”"' During the course of
investigating new radical coupling reactions, we discov-
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Scheme 1. General scheme of organotellurium- and organostib-

ine-mediated living radical polymerization for the synthesis of
homo polymer and di- and tri-block copolymers.

ered that organotellurium compounds promote living
radical polymerization in a highly controlled manner."”™"®
Mechanistic study of this process prompted us to
develop a new living radical polymerization involving
organostibines. A highly versatile method is reported
here for the synthesis of structurally-defined polymers
using organotellurium-mediated living radical polymer-
ization (TERP)'” and organostibine-mediated living
radical polymerization (SBRP).'"¥ We have found that
TERP and SBRP are extremely general processes that
can be employed for the polymerization of different fam-
ilies of monomers in a highly controlled manner.
Furthermore, the versatility of TERP and SBRP
extends to the synthesis of various block copolymers
starting from a single monofunctional mediator
(Scheme 1).

2. Organotellurium-mediated living radical
polymerization (TERP). 2-1. Homopolymerization
of styrene. We have already reported two experimental
protocols by which TERP can successfully be conducted.
In the first-generation procedure, organotellurium
compounds and the monomer are heated at 80-
110°C."" For example, the bulk polymerization of
styrene (100 equiv) was achieved by mixing mediator 1
with styrene and heating at 105 °C for 15 h. This resulted
in the formation of polystyrene with the predicted mole-
cular weight (M, = 9400) for a given styrene/1 ratio, and
low polydispersity index (PDI = 1.15, Table I, entry 1).
Much milder conditions were used in the second-gener-
ation procedure, where azo-initiators were added to the
same reaction mixture.'® The polymerization of styrene
(100 equiv) with 1 was achieved by heating at 60 °C for
11 h in the presence of one equivalent of 2,2-
azobis(isobutyronitrile) (AIBN). Polystyrene of the
desired molecular weight (A, = 11300) and low polydis-
persity index (PDI = 1.17) was obtained in quantitative
yvield (Table I, entry 2). By using 2,2’-azobis(4-
methoxy-2,4-dimethylvaleronitrile) (V-70), which gen-
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Fig. 1. Structure of organotellurium mediators used for living rad-
ical polymerization. The numbers in the parenthesis are bond
dissociation energy obtained by the DFT calculation at
(U)B3LYP/6-31G*+LANL2DZ(Te) level of theory.

erates radical species at lower temperatures than
AIBN, well-defined polystyrene was synthesized at
40 °C (Table I, entry 3). Although the addition of azo-ini-
tiators might be expected to cause free radical polymer-
ization, resulting in a loss of controllability, these
results clearly indicate that such undesirable phenome-
na do not take place. The origin of the effects of adding
azo-initiators will be discussed in Section 2-7.

The effects of varying the structure of the organo-
tellurium mediator were examined (F'ig. 1). Mediators 2
and 3 were able to control the polymerization of
styrene regardless of whether AIBN was added, and poly-
styrenes with controlled molecular weights and low
polydispersity were obtained in high yields (PDI = 1.15-
1.18, Table I, entries 4-7). Conversely, synthesis using
mediators 4 and 5 showed poor controllability, and
polystyrenes with relatively high polydispersity indices
were obtained (PDI = 1.46-1.58, Table I, entries 8 and 9).
The calculated carbon-tellurium bond dissociation
energies of mediators 1-5 are shown in Fig. 1.
Mediators 1-3 possess similar bond dissociation energies,
the values of which are considerably lower than those of
4 and 5. This strongly suggests that the poorer control of
polymerization on using 4 and 5 can primarily be
ascribed to a slower rate of generation of carbon-cen-
tered radicals compared to mediators 1, 2, and 3.

2-2. Confirmation of the living character of
polymerization. The living character of the current
polymerization was ascertained by several control
experiments. First, the molecular weight (M)
increased linearly with an increase of the conversion of
styrene when polymerization was carried out with 100
equiv of styrene and 3 (Fig. 2). Second, the molecular
weight (M) also increased linearly with an increase in
the amount of styrene used (Table I, entries 10-13, and
Fig. 3), although the experimentally determined molec-
ular weight begins to deviate from the theoretical value
as the targeted molecular weight increases (M, >
50000). Despite this deviation, the obtained high-molec-
ular-weight polystyrenes were monodisperse with an
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Table I. Effects of organotellurium-promoters and azo-initiators in homopolymerization of styrene
Entry  Equiv  Promoter  Initiator” Condns. Yield MS PDI®
(°C/n) %)
1 100 1 none 105/15 98 9400 1.15
2 100 1 AIBN 60/11 94 11300 1.17
3 100 1 V-70 40/23 82 7400 1.21
4 100 2 none 105/15 79 9000 1.15
5 100 2 AIBN 60/11 88 11500 1.18
6 100 3 none 105/16 96 9200 1.17
7 100 3 AIBN 60/11 91 9100 1.18
8 100 4 none 105/18 89 9000 1.46
9 100 5 none 105/18 83 25400 1.58
10 300 3 none 100/16 85 25200 1.22
11 500 3 none 100/19 78 29500 1.21
12 800 3 none 100/19 80 52600 1.30
13 1000 3 none 100/19 84 62600 1.37
“A mixture of the promoter and styrene was heated without solvent. *One equivalent of azo-ini-
tiator was used. AIBN: 2 2’-azobis(isobutyronitrile), V-70: 2,2’-azobis(4-methoxy-2,4-dimethyl-
valero-nitrile). “Number-average molecular weight (M,) and polydispersity index (PDI =
M, /M) were obtained by size exclusion chromatography calibrated by polystyrene standards or
polyMMA standards. “One equivalent of dimethyl ditelluride was added.
10000 o : experimental value acceptable level of controllability.
Ma 8000 — - calculated value ¢ Finally, the existence of an active carbon-tellurium
. bond in the polymer end-group was confirmed by label-
[ ] . .
6000 | ° ing experiments. Thus, polymer block 6 prepared from 1
000 and 30 equiv of styrene was reduced quantitatively
using either tributyltin hydride or tributyltin deuteride to
2000 . yield the end-protonated or deuterated polystyrene 8 or
8-d, via the radical intermediate 7 (Scheme 2).
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Fig. 2. Correlation of experimental and theoretical molecular
weight (M) of polystyrene obtained by the bulk polymer-
ization of styrene (100 equiv) with 3 as a function of the
conversion of styrene.
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Fig. 3. Correlation of experimental and theoretical molecular
weight (M) of polystyrene in the bulk polymerization of
styrene with 3 as a function of the amount of styrene used
(100-1000 equiv).

polymer was confirmed from MALDI-TOF mass spec-
troscopy by observing an increase of one mass number
for 8-d, compared to 8 (Fig. 4). The ’H NMR spectrum of
8-d, further supported the selective incorporation of
deuterium at the benzylic position (6 = 2.36 ppm, broad
singlet). These results clearly demonstrate the existence
of the organotellurium polymer-end group, which was
reduced to 8 by tributyltin hydride. Furthermore, the dif-
ference between the main mass peaks is 104, which cor-
responds to the molecular mass of styrene, and there are
no significant peaks arising from impurities. These
observations clearly demonstrate the highly controlled
character of the TERP, in which the polymerization is ini-
tiated by a radical generated from 1 and proceeds in the
absence of unfavorable side reactions.

2-8. Polymerization of functionalized monomers.
We have found that TERP is highly versatile and can con-
trol the radical polymerization of a variety of functional-
ized monomers (Table I)."¥ Acrylate esters were suc-
cessfully polymerized in a controlled manner by
heating mediators 1-3 using the first-generation proce-
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Scheme 2. Reduction of polymer-end methyltellanyl group
with tributhyltin hydride or deuteride.
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Fig. 4. The MALDI-TOF mass spectra of end-protonated and
deuterated polystyrene 8 and 8-d,. The molecular ions were
observed as silver ion adducts [m/z = (M + Ag)"]. Molecular
weight (M) and polydispersity index (PDI) were directly
obtained by MS.
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dure (100 °C, no azo-initiators), regardless of the bulki-
ness of the pendant alkoxyl groups (Table II, entries 1-5).
Poly(acrylate esters) of the desired molecular weight and
with low polydispersity indices (PDI = 1.11-1.18) were
obtained in all cases. We also found that the addition of
AIBN (the second-generation procedure) was remark-
ably effective in improving the required polymerization
conditions."” Thus, the polymerization of 7-butyl acry-
late (NBA) was completed within 4 h at 60 °C when AIBN
was added, while the first-generation procedure
required heating for 24 h at 100 °C (Table II, entries 5
and 6). Although the polydispersity index increased
from 1.13 to 1.17 on addition of AIBN, nevertheless a
very high level of control was achieved.

We also examined the polymerization of methyl
methacrylate (MMA, 100 equiv) with mediators 1 and 2,
but initial attempts revealed that the reaction was
insufficiently controllable using the first-generation
procedure at 80 °C (PDI = 1.37-1.77, Table II, entries 7
and 11). This problem could be attributed to the high
reactivity of MMA toward the polymer-end radicals, and
thus we anticipated that the addition of an agent to cap
the radical species would enhance the controllability. We
thought that ditellurides would serve as capping
reagents for the polymer-end radicals, because they are
known to be excellent radical capturing reagent.lg)
Indeed, polyMMA with low polydispersity was obtained
by the addition of one equiv of dimethyl ditelluride
(PDI = 1.12-1.16, Table II, entries 8 and 12). Similar
results were also obtained for mediator 3 in the presence
of dimethyl ditelluride (PDI = 1.18, Table II, entry 13). In
accordance with the living character of the current
polymerization, the molecular weight increased linearly
with the amount of MMA used, and precisely controlled
high molecular-weight polyMMA was formed by the
addition of one or two equiv of dimethyl ditelluride
(Table II, entries 14-16). Use of the second-generation
procedure, with the addition of AIBN and dimethyl
ditelluride, resulted in complete polymerization after
heating at 60°C for 2 h, and afforded well-defined
polyMMAs in excellent yields (Table II, entries 9 and 10).

Since TERP is performed under thermal condi-
tions, without the need to add catalysts that are incom-
patible with the functionalities of the monomers, con-
trolled polymerization of various monomers possessing
functional groups can be achieved successfully using
both first- and second-generation procedures. For
example, the controlled polymerization of styrene
derivatives possessing chloro and methoxy groups was
successfully carried out (Table II, entries 17 and 18).
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Table II. Polymerization of functionalized monomers by TERP

Entry  Monomer” Promoter Initiator” Condns. Yield MS PDI®
(equiv) (°C/m) (%)
1 MA (100) 2 none 100/24 70 6400 1.11
2 MA (100) 3 none 100/24 86 8800 1.12
3 tBA (100) 2 none 100/24 85 9800 1.18
4 nBA (100) 1 none 100/24 69 8300 1.12
5 nBA (100) 3 none 100/24 89 10300 1.13
6 nBA (100) 3 AIBN 60/4 94 10700 1.17
7 MMA (100) 1 none 80/13 74 8600 1.37
8 MMA (100) 1’ none 80/13 81 8300 1.12
9 MMA (100) 1 AIBN 60/2 93 11000 1.36
10 MMA (100) 1 AIBN 60/2 98 9600 1.15
11 MMA (100) 2 none 80/15 67 11800 1.77
12 MMA (100) 2¢ none 80/13 84 8200 1.16
13 MMA (100) 3¢ none 80/13 92 9700 1.18
14 MMA (200) 3¢ none 80/19 83 16200 1.14
15 MMA (500) 3’ none 80/18 79 36300 1.18
16 MMA (1000) 3’ none 80/24 83 79400 1.14
17 CISt 3 none 100/17 88 8800 1.41
18 MeOSt 3 none 100/36 94 10900 1.17
19/ AN 3 none 100/24 53 20800 1.07
207 AN 3 AIBN 60/6 99 37800 1.16
21/ DMAEA 3 none 100/96 81 12000 1.23
22 DMA 3 none 105/23 100 10100 1.22
23/ NIPAM 3 AIBN 60/3 99 30600 1.09
247 HEMA 2¢ none 80/17 97 22300 1.18
25’ HEMA 3¢ AIBN 60/2 90 22300 1.18

“100 equiv of monomer was used. MA: methyl acrylate, nBA: n-butyl acrylate, tBA: ¢-butyl acrylate, MMA:
methyl methacrylate, CISt: p-chlorostyrene, MeOSt: p-methoxystyrene, DMAEA: 2-dimethylaminoethyl
acrylate, DMA: N, N-dimethylacrylamide, AN: acrylonitrile, NIPAM: N-isopropylacrylamide, HEMA: 2-
hydroxyethyl methacrylate. "One equivalent of AIBN was used. “Number-average molecular weight (M,)
and polydispersity index (PDI = M,/M,,) were obtained by size exclusion chromatography calibrated by
polystyrene standards or polyMMA standards. “One equiv of dimethyl ditelluride was added. “Two equiv
of dimethyl ditelluride was added. /The reaction was carried out in DMF.

These results are in sharp contrast to the copper-cat-
alyzed ATRP process, in which p-methoxy-substituted
styrene is a poor monomer due to the occurrence of a
redox reaction with the catalyst.m The successful poly-
merizations of acrylonitrile (AN), 2-dimethyl-
aminoethyl acrylate (DMAEA), N,N-dimethylacryl-
amide (DMA) and N-isopropylacrylamide (NIPAM) are
also noteworthy, since the polar functional groups of
these monomers often hinder precise control of the poly-
merization when other methods are used (Table II,
entries 19-23). Even 2-hydroxyethyl methacrylate
(HEMA), which possesses a free hydroxyl group, could
be successfully polymerized in a highly controlled man-
ner in the presence of dimethyl ditelluride (Table II,
entries 24 and 25).

2-4. In situ generation of mediators. Although the
results described above were obtained using purified
mediators, purification is not always necessary. We

have found that 7n situ-generated mediators can also be
used for the controlled polymerization of a range of
monomers.'”*” By analogy with the high reactivity of
ditellurides towards carbon-centered radicals, the ther-
mal reaction of diazo compounds and ditellurides
resulted in the formation of corresponding organotel-
lurium compounds. For example, the reactions of
equimolar quantities of AIBN with dimethyl ditelluride
and diphenylditelluride produced mediators 1 and 9 in
18% and 8% yields, respectively (Scheme 3). The reac-
tion mixture mainly consisted of 2,2,3,3-tetramethylsuc-
cinonitrile, which was formed by coupling of the AIBN-

1/2 AIBN + 1/2 (RTe), — NCXTeR
1:R = Me (18%)
9:R = Ph (8%)

Scheme 3. In situ generation of organotellurium mediator
from AIBN and ditellurides.
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Table III. TERP with ¢n situ generated mediators

Entry Ditelluride® Method  Monomer” Condns. Yield MS PDI®
®) (equiv) (°C/h) )
1 Me A St 90/36 54 11700 1.20
2 Ph A St 80/56 55 19000 1.20
3 Me A BA 100/48 >3 2900 1.06
4 Ph A BA 100/24 25 19000 1.20
5 Me A MMA 80/13 95 28800 1.14
6 Ph A MMA 80/4 96 50100 1.22
7 Me B St 90/32 88 9200 1.38
8 Ph B St 90/45 93 6900 1.48
9 Me B BA 100/24 38 3400 1.10
10 Me" B BA 100/24 89 7800 1.24
11 Ph B BA 100/24 88 7200 1.18
12 Me B MMA 80/0.5 100 131300 1.565

“One equivalent with respect to AIBN was used. "200 equiv of monomer with respect to ditel-
luride was used. “Number-average molecular weight (M,) and polydispersity index (PDI =
M. /M) were obtained by size exclusion chromatography calibrated by polystyrene standards
or polyMMA standards. “0.7 equiv with respect to AIBN was used.

derived radicals, together with unreacted ditelluride.
Despite these low coupling efficiencies, the i1 situ
generation of both 1 and 9 was sufficient to mediate the
controlled polymerization of subsequently added vinyl
monomers (method A), although the efficiency and
controllability of the reaction depended on the type of
vinyl monomers used. The polymerization of MMA was
most successful with this method; polyMMA products
with low polydispersity indices and molecular weights as
predicted by the ratio of generated mediator to
monomers were obtained in high yield (Table III,
entries 5 and 6). As the initial reaction mixture contained
unreacted ditelluride, further addition of this com-
pound was unnecessary. Styrene was slowly polymerized
upon prolonged heating at 80-90 °C with a polydispersity
index of 1.20, but conversion rates were moderate
(Table 1III, entries 1 and 2). The polymerization of butyl
acrylate was slow and was not completed within a prac-
tically useful time-scale, despite the very low polydis-
persity indices of the resulting polymers (Table III,
entries 3 and 4). The slow reaction speed can be attrib-
uted to the existence of ditellurides in the reaction mix-
ture, which shift the equilibrium from the polymer-end
radicals to the dormant organotellurium species.
Alternatively, a one-step polymerization procedure
mixing AIBN, ditelluride and vinyl monomers can also
produce well-defined polymers (method B), an especially
effective method for the controlled polymerization of
butyl acrylate (Table III, entries 9-11). This is due to a
decrease in the amount of ditelluride in the reaction mix-
ture caused by a decrease in coupling between the

AIBN-derived radicals, which now react preferentially
with butyl acrylate followed by the ditelluride to form
dormant species. Complete polymerization was almost
achieved by varying the AIBN/ditelluride ratio (Table III,
entry 10), or by using diphenylditelluride (Table III, entry
11); the desired poly(butyl acrylate) products were
formed, with low polydispersity indices (PDI < 1.24). The
polymerization of styrene using method B was less con-
trollable than that by method A (Table III, entries 7 and
8), and the polymerization of MMA could not be con-
trolled at all (Table III, entry 12).

Both methods are simple to perform since both
AIBN and ditellurides are stable in air and can be han-
dled without special precautions, whereas promoters 1-
3 are sensitive to oxygen and must be stored under an
inert atmosphere and manipulated using standard
syringe techniques. Despite the practical simplicity of
these methods, the use of purified initiators is the
method of choice to obtain polymers with the highest
level of controllability in terms of molecular weight and
polydispersity.

2-5. Block copolymer synthesis. A notable feature
of the TERP is its versatility for the synthesis of block
copolymers. While the success of block copolymer syn-
thesis is in general highly dependent on the order of
monomer addition, especially when different families of
monomers are used, we have found that TERP is more
tolerant towards the order of addition. For example,
blocking of the polystyrene macromediator was suc-
cessfully carried out for p-methoxystyrene (MeOSt),
MMA, and ¢-buthyl acrylate (tBA), and the desired AB-
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Table IV. Synthesis of AB di- and ABA tri- and ABC triblock copolymers using macroinitiators

Entry Macroinitiator” Monomer Condns.  Yield M pDI’
(M, /PDI) (equiv) (°C/h) (%)
AB Diblock copolymer
1 polySt (8800/1.17) MeOSt (100) 105/11 58 18000 1.19
2 polySt (9000/1.15) MMA (100)° 80/16 85 13900 1.25
3 polySt (9000/1.15) tBA (100) 100/25 50 11300 1.18
4 polyMMA (8500/1.12)* St (100) 100/24 85 18800 1.13
5 polyMMA (8500/1.12)* tBA (100) 100/25 57 17100 1.11
6 poly(tBA) (9600/1.10)" St (100) 100/36 77 19200 1.32
7 poly(tBA) (8200/1.19)" MMA (100)° 100/18 88 19500 1.35
ABA Triblock copolymer
8 poly(MMA-b-St) (18700/1.18) MMA (200)° 80/24 65 28100 1.22
9  poly(MMA-b-tBA) (11000/1.11) MMA (200)° 100/15 83 18600 1.30
ABC Triblock copolymer
10 poly(St-b-MMA) (12600/1.30) tBA (200) 100/22 32 16100 1.27
11 poly(MMA-b-St) (19000/1.13) tBA (200) 100/24 45 21800 1.18
12 poly(MMA-b-tBA) (11500/1.09) St (200) 100/15 69 21600 1.27

“The macroinitiator was prepared from mediators 3 and the corresponding monomer according to the
conditions shown in Tables I and II. “Molecular weight (M) and polydispersity index (PDI) were deter-
mined by size exclusion chromatography calibrated by polystyrene standards. ‘One equiv of
dimethyl ditelluride was added. dMn and PDI were calibrated by polyMMA standards.

diblock copolymers with low polydispersity indices
were obtained in good to excellent yields in all cases
(Table IV, entries 1-3). The addition of ditelluride was
necessary when MMA was used as the second
monomer, as is also the case for the homopolymerization
of MMA (Table IV, entry 2). The controlled syntheses of
AB-diblock copolymers starting from a polyMMA
macromediator with styrene and tBA, or from a
poly(tBA) macromediator with styrene and MMA, were
also possible by the subsequent addition of a second
monomer (Table IV, entries 4-7). In all cases, the
desired diblock copolymers with low polydispersity
indices were obtained. Due to the stronger carbon-tel-
lurium bonds found in poly(tBA) dormant species com-
pared to those found in polystyrene and polyMMA
species, the controllability of diblock copolymers initiat-
ed by the poly(tBA) macromediator was slightly less effi-
cient (Table IV, entries 6 and 7), but still at an acceptable
level (PDI < 1.35).

As the order of monomer addition is less important
in TERP compared to that in other living radical poly-
merization techniques, ABA and ABC triblock copoly-
mers could also be prepared starting from diblock
macromediators (Table IV, entries 8-12). Thus, the suc-
cessive treatment of 3 with MMA and styrene yielded a
poly(MMA-b-St) macromediator, which was further
reacted with MMA to give the desired poly(MMA-b-St-b-
MMA) triblock copolymer with a narrow molecular

Poly(MMA-b-St)
¥ PolyMMA
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Fig. 5. GPC traces of the polyMMA, poly(MMA-b-St), and
poly(MMA-b-St-b-MMA) block copolymers.

Poly(MMA-b-St-b-MMA)
N

20 (min)

weight distribution (Table IV, entry 8). The GPC trace of
the polymer at each stage of the synthesis clearly indi-
cates the increase in molecular weight as the polymer-
ization progresses (Fig. 5). An ABA triblock copolymer
comprised of MMA and tBA could also be prepared using
3 by the successive polymerization of MMA, tBA and
then MMA (Table IV, entry 9). Furthermore, ABC-tri-
block copolymers comprised of styrene, MMA, and tBA;
of MMA, styrene, and tBA; and of MMA, tBA, and
styrene could be synthesized by the successive addition
of each monomer (Table IV, entries 10-12). These tri-
block copolymers were all obtained in a highly controlled
manner with low polydispersity indices.

2-6. End-group transformations. Another char-
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acteristic advantage of the TERP is the versatility of the
transformations that can be carried out on the polymer
end-groups (Scheme 4), since organotellurium com-
pounds are excellent precursors for the generation of
carbon-centered radicals,w)'m) carbanions,22) and car-
bocations.”?*? Thus, the treatment of polystyrene 10
with ethyl tributylstannylmethylacrylate produced the
enoate-functionalized polymer 12 via polymer-end radi-
cal 11, with 61% functionalization of the end group.
Furthermore, tellurium-lithium transmetallation was
achieved by the treatment of 10 with buthyllithium. The
resulting lithium species 13 could be trapped with car-
bon dioxide, giving carboxylic acid 14 after treatment
with acid. The esterification of 14 with pyrenebutanol
under standard Yamaguchi conditions ) yielded 15, UV
spectra of which revealed 86% incorporation of the car-
boxylate residue at the polymer end.

Ph
Ph)\l‘)\h'eMe

10
AIBN |

CO,Et .
SnBu, | CeMsCF, 80°C BuLi | THF, -78 °C

Ph Ph M
Ph ~ Ph L
1 13
1.CO,
2. H,0"
Ph  CO,Et J\[\)P\h]\
Phw Ph ~CO,H
12

14

1-Pyrenebutanol
(Yamaguchi esterlflcatlon)

A~

Scheme 4. Synthesis of end-modified polystyrenes.

2-7. Mechanism. All of the living radical polymer-
ization reported so far proceed via three elementary
steps, namely initiation, propagation, and deactivation
(Scheme 53).26) The dormant species P-X generates an
active P radical, which reacts with the monomer(s) to
give the chain-elongated polymer-end radical before
deactivation to the dormant species takes place. A sig-
nificant feature of the process of reversible radical gen-
eration is a decrease in the concentration of radical
species in solution and the minimization of undesirable

[Vol. 81(B),

a) Reversible activation (general scheme).

Kact ko
R > Pe + monomer (M)

Kgeact

b) Thermal dissociation.
kg
P—X <_—> Pe + X
ke
c) Degenerative chain transfer.
kex
P=X + Pe == Pe +
kex

P'—X

Scheme 5. General mechanism of living radical
polymerization.

side reactions, for example, disproportionation and
homo-coupling reactions that give dead polymers.
Furthermore, the rapid deactivation allows the propaga-
tion of polymer-chains with similar chain lengths.

Studies of the kinetics involved in the activation
step of the styrene polymerization using TERP have
revealed the existence of two mechanisms, namely
thermal dissociation (Scheme b5b, X = TeMe) and
degenerative chain transfer (Scheme 5¢, X = TeMe).'” At
60 °C, the first-order rate constant for the thermal disso-
ciation k,1is 1.2 x 10 s, and the second-order rate con-
stant for the degenerative transfer k., is 5.7 x 10°M ™' s,
indicating that the latter mechanism is the dominant
pathway. Therefore, once the initiating radical species
have been formed, they predominantly undergo the
degenerative-transfer mediated polymerization reac-
tion. In the first-generation procedure, the thermolysis of
the organotellurium compounds is the mechanism of rad-
ical generation. The high temperatures and long reaction
times required are due to slow generation of the carbon-
centered radical from the dormant organotellurium
species by thermolysis. Conversely, in the second-gen-
eration procedure the initiating radicals are created
from azo-initiators under mild thermal conditions, and
the polymerization proceeds exclusively via the degen-
erative transfer mechanism.

It is well known that a higher rate of degenerative
transfer leads to greater control of the polymeriza-
tion.®” The kinetics studies revealed that the rate of
transfer of a methyltellanyl group at the polystyrene-end
is approximately five times faster than that of an iodine
atom.”™ These results are consistent with the observation
that TERP is more controllable than organoiodine-
mediated living radial polymerization.*® Therefore, it has
been demonstrated the importance of the choice of
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heteroatom compounds in radical-mediated macromole-
cule synthesis.

3. Organostibine-mediated living radical
polymerization (SBRP). The results of the kinetics
studies discussed in Section 2-7 indicate that a high
degree of control of the living radical polymerization
process is made possible by an appropriate choice of het-
eroatom compounds. With the knowledge that tellurium,
which lies immediately to the left of iodine in the periodic
table, is a better heteroatom with respect to rapid
degenerative transfer, we decided to focus on antimony,
which lies immediately to the left of tellurium. Density
functional theory calculations of simple model reac-
tions initially suggest that organostibines are more
reactive than organotellurides. The activation energies
for the degenerative transfer of a methyl radical with
trimethylstibine and dimethyltelluride were calculated to
be 3.1 and 7.9 kJ/mol, respectively, at the B3LYP/6-
31G*+LANL2DZ(Te,Sb) level of theory. Despite the
intriguing possibilities suggested by these theoretical cal-
culations, the use of organostibines as a source of car-
bon-centered radicals in synthesis has not been report-
ed,” and only a single example of the generation of
carbon-centered radicals from organostibines has been
reported thus far, being detected by an electron spin res-
onance spectroscopic study.ao)

By analogy with the organotellurium mediators,
we synthesized the a-dimethylstibino ester 16 and
examined the radical-mediated reduction with trib-
utyltin hydride in the presence of AIBN as a proof-of-
principle experiment for the generation of carbon-cen-
tered radicals from organostibines (Scheme 6). The
reduction proceeded cleanly to give ethyl 2-methylpro-
pionate in quantitative yield. Replacement of the
hydride by tributyltin deuteride gave the corresponding
deuterated product. Furthermore, the reduction did
not proceed in the presence of a radical inhibitor such as
TEMPO. These results all provide evidence for the effi-
cient generation of radical 17 from 16.

We have found that 16 is also able to promote high-
ly controlled living radical polymerization.lg) For exam-
ple, the polymerization of styrene proceeded at 100 °C in
the absence of azo-initiators, giving well-defined poly-
styrene with a predetermined molecular weight (M, =
7700) and a low polydispersity index (PDI = 1.16) in
good yield (Table V, entry 1). The rate of polymerization
was increased considerably by the addition of AIBN (0.1
to 1.0 equiv), which also provided well-defined poly-
styrene with respect to molecular weight and polydis-
persity index (entry 2). The living character of the stib-
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cat. AIBN
CO,Et BuzSnH(D) COEt CO,Et
> L] >
SbMe, H(D)
16 17
cat. AIBN
1
/R\ cat. AIBN
R2 CO,Et R! Bu3SnH(D) CO,Et R!
—_—
R2/nSbMe; Rz H(D)

18 19
a:R'=Ph,R2=H
b:R'= CO,Me, R2 = Me

Scheme 6. Organostibine-mediated radical reduction and poly-
merization.

ine-based process was confirmed by the linear evolution
of molecular weight with the amount of styrene used,
and the fact that high-molecular-weight polystyrenes
with low polydispersity indices were formed in all cases
(entries 3 to 6). The existence of a dimethylstibino poly-
mer end-group was determined by the TOF-MS and °H
NMR analyses of samples 19 and 19-d (R' = Ph, R* = H)
prepared by the tributyltin hydride- or deuteride-medi-
ated radical reduction of the chain ends of living poly-
styrene 18a.

The most notable feature of the organostibine
mediator is that it can control the polymerization of both
conjugated and unconjugated vinyl monomers. Thus,
organostibine 16 promoted the controlled polymerization
of various conjugated monomers such as nBA, MMA,
NIPAM and AN (entries 7-11), in addition to that of
unconjugated monomers such as 1-vinyl-2-pyrrolidi-
none CVP)SD and vinyl acetate (VA)SZ) (entries 12-15). In
all cases we observed virtually complete conversion of
the monomers within 1-18 h at 60 °C. The molecular
weight of polyVP increased linearly with the amount of
VP used, and the desired polymers were obtained with
low polydispersity indices in all cases (entires 12-14).
The organostibine-based technique is also compatible
with a variety of polar functional groups. Consequently,
the polymerization of NIPAM, AN and VP proceeded in a
highly controlled manner and gave the desired polymers
in excellent yields (entries 9-14).

We have also synthesized block copolymers from
both conjugated and unconjugated monomers using the
chain ends of a living polymer. The polystyrene and
polyMMA macroinitiators 18a (M, = 4400, PDI = 1.05)
and 18b (M, = 4700, PDI = 1.27), respectively, were
treated with VP (100 equiv) in the presence of AIBN
(0.25 equiv) in DMF at 60 °C for 8 h. We observed the
essentially complete disappearance of the starting
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Table V. Polymerization of functionalized monomers by SBRP*

Entry Monomer” AIBN Condns. Yield MS PDI®
(equiv)  (equiv) °C/h) (%)

1 St (100) none 100748 82 7700 1.14
2 St (100) 0.5 60/19 99 8700 1.17
3 St (200) 0.5 60/24 99 15800 1.22
4 St (500) 0.5 60/36 76 25200 1.20
5 St (700) 0.5 60/36 76 41200 1.16
6 St (1000) 0.5 60/36 65 49400 1.23
7 BA (100) 0.3 60/1 96 12400 1.13
8 MMA (100) 0.3 60/4 100 11000 1.24
9¢ NIPAM (100) 0.1 60/12 99 13400 1.06
10° NIPAM (200) 0.3 60/12 99 26700 1.09
11° AN (100) 0.1 60/18 81 15000 1.05
12 VP (100) 0.5 60/0.5 99 10800 1.14
13 VP (300) 0.5 60/0.8 95 28600 1.18
14 VP (500) 0.5 60/1 92 42100 1.22
15 VA (25) 0.1 60/5 92 2800 1.26

“A mixture of 1, AIBN and monomer was heated under nitrogen atmosphere. "St:
styrene, VP: 1-vinyl-2-pyrroridinone, VA: vinyl acetate. ‘Number-average molecular
weight (M) and polydispersity index (PDI) were obtained by size exclusion chromatog-
raphy calibrated by polystyrene standards or polyMMA standards. “Reaction was carried

out in DMF.
AIBN
(0.25 equiv)
COzEt Ph VP (100 equiv) COEt Ph N7 O
—_—
.SbMe,  DMF, 60 °C ; ~SbMe,
18a 87% conv.
M, = 4400, PDI = 1.05 M, = 27400, PDI = 1.05
AIBN
(0.25 equiv) 0

CO,Et CO,Me CO,Et CO,Me N

VP (100 equiv)
—_—
nSbMe2 ThuF, 60 °C )

18b 99% conv.
M, = 4700, PDI = 1.27 M, = 20500, PDI = 1.31

~SbMe,

Scheme 7. Synthesis of diblock copolymers.

macromediators and the formation of the desired
poly(St-block-VP) (M, = 27400, PDI = 1.05) and
poly(MMA-block-VP) (M, = 20500, PDI = 1.31) in 87%
and 99% yields, respectively (Scheme 7). These are the
first reported examples of the successful block copoly-
merization of conjugated and unconjugated monomers.
Such block copolymers are expected to be of great
importance as functional organic materials with new or
improved properties.””

Studies of the kinetics of styrene polymerization
revealed that SBRP proceeds exclusively by the degen-
erative transfer mechanism. At 60 °C the rate constant
for the thermal dissociation k, approaches 0 s’l, and the
second-order rate constant for the degenerative transfer

Ko 1s 1.1 x 10°M s Therefore, while the thermal gen-
eration of carbon-centered radicals is negligible with the
SBRP, the rate of transfer of the dimethylstibino group is
approximately twice that of the methyltellanyl group in
the TERP. Since a higher rate constant for degenerative
transfer leads to a lower polydispersity index, SBRP is, in
principle, better than TERP in terms of controlling mol-
ecular weight. Indeed, the organostibine compound
enabled the polymerization of MMA to be controlled
(entry 8), in contrast to the structurally related organ-
otellurium compound which required the addition of
ditelluride.

In Summary, organotellurium and organostibine
compounds mediate highly controlled living radical
polymerization to give structurally well-defined macro-
molecules. TERP and SBRP can be successfully per-
formed on both conjugated and unconjugated vinyl
monomers under similar conditions and with a high
degree of control, and both techniques can tolerate
monomers containing many different types of functional
groups. Furthermore, a variety of AB-, ABA-, and ABC-
block copolymers with well-defined structures can be
prepared using the living end of the macromediators.
The living end can also take part in further reactions to
give end-modified polymers. These features clearly
demonstrate the higher versatility of TERP and SBRP
compared to other living radical polymerization methods
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for the synthesis of functionalized macromolecules with
well-defined structures.

Studies of the kinetics of living radical polymeriza-
tion have revealed that the rates of the radical-mediated
atom- or group-transfer reactions depend greatly on the
identity of the heteroatom centers. The transfer of the
dimethylstibino group is slightly faster than that of the
methyltellanyl group, which is in turn considerably
faster than the transfer of iodine atom. This is the origin
of the higher degree of controllability enjoyed by SBRP
and TERP compared to organoiodine-mediated radical
polymerization. It is well known that the rate of degen-
erative transfer for halogen atoms and chalcogen
species increases on going down the periodic table
group; thus, organotellurides and organoiodides show the
highest reactivities among group 16 and 17 com-
pounds.* However, until now little information has
been reported on the reactivity of group 15 heteroatom
compounds towards radicals, and also for the differences
in reactivity among group 15, 16, and 17 heteroatom
compounds across the same period.lzc) AD Therefore,
our results demonstrate the importance of the choice of
heteroatom in highly controlled radical-mediated syn-
thetic reactions.
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